Abstract-The quantization of flux in a closed superconducting circuit is used to provide a stable reference current. A 10 mA current source is coupled through a toroidal transformer to a dc SQUID input, and the resulting signal is fed back as an error current. The result is a net flux linkage that exhibits shortterm stability of 1 part in 109/h. The net current is quantized with a step size of 59.4 nA, and it will exhibit the same stability as the ftux provided the mutual inductance of the transformer remains constant. This current is passed through a precise 100 n resistor and compared against Zener diode references. The observed temperature coefficient for the flux transformer is 28.5 :t 3 ppm/K at 4.2 K. Possible sources for the temperature dependence are discussed.
INTRODUCTION
T HE difficulty in creating a highly stable and predictable dc secondary voltage reference is a long-standing problem in electrical metrology. Such references are typ-. ically needed as calibration transfer standards between the Josephson array primary standard and other secondary voltage references. Most Zener diode-based voltage references exhibit short-term noise that limits calibration accuracy to a few parts in 108 [1] . Short-term noise is lower in transfer resistance standards than in Zener references, and their values are generally predictable to a few parts in 108.overlong periods [2] . Hence, a high-stability current source in series with such a resistor can serve as a voltage reference with stability comparable to that of the current.
t.
The ideal suitability of a superconducting quantum interference device (SQUID) system for current controllers has long been recognized [3] . The technique of locking an external dc current to the magnetic flux from a persistent superconducting current was first demonstrated by Gallop [4] . Weyand has constructed similar systems using second-order magnetic gradiometers as flux transformers [5] . As an alternative technique, smaller currents may be directly injected into a SQUID input and comparably stabilized. This approach was realized at the Electrotechnical Laboratory by Sakamoto et ai. [6] . With or without an intermediate transformer or persistent current, the external current is essentially being locked to a particular level of flux quanta and will exhibit stepwise stability. For this reason, we refer to these systems as flux-locked current sources (FLCS). Short-term stability of 1O-9/h is possible in net flux linkage in most cases~hen the systems are built around suitable commercial SQUID detectors. The system described here incorporates some of the features of each of the above examples. In addition, we endeavor to evaluate some of the principal limitations to this approach and, in particular, the size of the temperature coefficient.
. DESIGN 
CONSIDERATIONS
Consider a closed superconducting circuit such as would be used for a dc flux transformer. The quantity that is quantiz~d in this circuit is the fluxoid~s defined as (1) where B . dA is the magnetic flux linking the circuit, Js is the circulating supercurrent, and ALis the London penetration depth. The first term is by far the dominant contribution in any macroscopic circuit, and contains the magnetic signal to which an external current would be coupled. The second term represents the contribution from the screening currents for which Js IX (AJ -I. Since the sum of the two terms is quantized, changes in the distribution of screening currents can appear as changes in the flux. Thus, the flux linkage can be temperature dependent for finite values of Js through the temperature dependence of AL' It is then advantageous to operate a superconducting reference circuit at J s = O.
To couple the flux of the external circuit to the superconducting circuit, a toroidal geometry offers several advantages. The complete enclosure of flux in an ideal toroidal current sheet is desirable for rejection of common mode fields and relative immunity to dimensional changes in the external circuit windings. In practice, a wire-wound toroid only approximates this ideal current distribution since some flux leakage occurs between the individual windings. The. total self-inductance L, of a real wirewound toroid of rectangular cross section can be written as the ideal current sheet inductance Ls, less a term representing the flux linking each separate turn of wire LN, and a small term Lwfor the contribution from flux within the wire itself. These terms are
U.S. Government work not protected by U.S. copyright where N is the number of turns, I is the wire length per turn, r is the wire radius, h is the toroid height, and a and b are the inner and outer toroidal radii [7] . For most practical dimensions, LN can be a few percent of Lt. Thus, as a supplement to the trans fonner, it is desirable to use overlapping, insulated superconducting shielding, as is standard practice in cryogenic current comparators [8] . This significantly improves the common mode rejection of the transformer to all but purely azimuthal field components [9] . The tenn in Lw as given in (2d) is sometimes called the "kinetic inductance," although, for bulk linear superconductors, it is actually half magnetic and half kinetic [10] . This configuration is essentially that of a "single-arm" cryogenic current comparator (CCC). Unlike the CCC which operates close to a flux null, the FLCS must operate off null at some finite flux linkage. Any temperature dependence through 'A(T) will be proportional to this net flux linking the reference coil.
An important parameter of a FLCS is the current step size 10. This i~simply a function of the flux quantum 4>0, the SQUID input coupling efficiency or mutual inductance Msc, and the current gain Gj of the flux transformer or A. This step size should be as small as is practical given the size of the reference current to be stabilized and our ability to resolve the steps with a precise resistor and digital voltmeter (DVM). It is perhaps most important that the current source in the open-loop state have short-term fluctuations that are small compared to the chosen step size in order that the flux-locked loop remains locked. Thus, a few parts per million is a practical lower limit.
The standard equivalent circuit representation of a flux transfonner coupling into a SQUID input is given in where MI2 is the mutual inductance between the primary and secondary windings, and Lc + Lz is the total series inductance of the secondary circuit, the primary winding LI plus the SQUID coupling coil Lc. In the current sheet , approximation of pure toroidalcoupling,we have 
which is the well-known property of toroidal transformers being dependent only on the dimensions of the inner or secondary winding. Hence, only the secondary winding need be designed with exceptional stability in mind. .
Given a current in the primary of il = ilO + Oi, and in the secondary of i2 = i20 + 0i2,then for i20= 0, we have
where the first term is the control signal and the second term is the transformer error. The mutual inductance MI2 then becomes the artifact reference that must remain constant in order for the current to remain constant.
EXPERIMENTAL SYSTEM 11 , . The flux transformer is formed by a pair of toroidal windings. The external current passes through the primary winding, and the secondary winding is connected to the SQUID input. The secondary winding is a single layer of 120-turn NbTi alloy wire of 125 p.m diameter wound under tension onto a notc~ed machineable glass-ceramic (MGC) former. A return loop to eliminate the net turn in the phase of the toroid winding is placed near the center of the former. The former has a square cross section with an inner diameter of 40 and an outer diameter of 36 mm. This winding is surrounded by an overlapping, insulated Pb foil shield. The primary winding is 600 turns of polytetrafluoroethylene-insulated Cu wire in four alternating layers of 150 turns each, which at 4 K has a resistance of less than 1 {}and a self-inductance of about 70 p.H. The complete transformer has a dc current gain of Gj A small section of the input circuit is thermally coupled to a heater element by winding three twisted pair turns around one end of a 1.3 cm diameter sapphire bobbin. The heater is formed from several turns of twisted pair Ni-Cr wire with approximately 100 {}resistance at the other end of the bobbin. The entire bobbin is nested inside a MGC cylinder to insulate it from the helium bath. This allows the temperature of the section of superconductor to be elevated above Tc with less than 1 W applied power in several seconds. This thennal switch ensures that any persistent current will decay under a resistive condition in the circuit so that i20 ... O.
. A block diagram of the system is shown in Fig. 2 (1) stage is summed (E) into the input of a bipolar current source (CS2) which feeds the signal back as a current returning to ground. In closedloop operation, the drift of the Hg battery is compensated by the charging of the integrator. With proper frequency compensation from the P /1 stage, it is possible to achieve loop gains of 30 dB at f:s 1 Hz and maintain stability.
/:
RESULTS
Our system has a step size of 59.4 nA or about 6 ppm. The primary current source CS 1 is adjustable over a range of 547 ppm or 9210' The step can be determined only by accurately measuring the potential drop across the precision resistor. Thermal offsets can be cancelled by reversing the current through the resistor. The current may be set in an open-loop condition so as to lock on to anyone of the accessible steps when the loop is closed and both integrators are reset. Fig. 3 is a plot illustrating a few of the current steps over a small range of the CSI adjustment. Once locked, the closed-loop error signal indicates that the net current drift is less than 10 pA in several hours. Fig. 4 is a plot of the error signal from the SQUID output over several hours of continuous locked operation. Occasional RF interference can momentarily unlock the system and allow the current to jump by multiples of 10' However, it is always possible to reset the'integrators and relock onto the same step. Typically, the system can remain continuously locked for more than 24 h with allbattery power supplies.
The commercial Zener diode reference using a digital nanovoltmeter. The second trace in Fig. 4 shows such a difference. Under most circumstances, the short-term variations (time scale < 2 hr) are the same size that we measure when comparing two Zener references against each other ( :S50 nV), indicating that the Zener reference is a limitation of the evaluation. However, the value of the current can drift by much larger amounts according to changes in the liquid helium bath temperature.
A typical observed temperature dependence of the current is shown in Fig. 5 . The temperature is measured by a Ge thermometer mounted near the transformer, but outside a superconducting shield. The average slope is about 28.5 ppm /K. This value is reproducible from one cooldown to the next to within :t3 ppm/K. Slightly larger values are measured when the current is left on during a cool-down. In terms of flux variations as detected by the SQUID via the particular input inductance used here, the ratio Msc/ (Lc +~) -0.006attenuates the variations in the transformer to give approximately 5~o/K. This value has been directly verified under open-loop conditions. It has also been verified that when all flux linkage is removed, by turning off the external current and activating the thermal switch, the SQUID output variations with temperature are decreased by more than a factor of 40.
We thus conclude that the flux transformer itself has a temperature coefficientof 28.5 :t: 3 ppm/K.
'-
DISCUSSION
Since changes in the dimensions of the secondary winding will produce a transformer error, we need to consider the expansion coefficient of the transformer. MGC is a typical choice for coil formers as it is known to have a linear expansion coefficient of only 1.5 X 10-9 K-1 at 4 K [11] . The total integrated thermal contraction from 300 K to 4 K is -1.7 x 10-3, and a typical value for Nb-Ti alloys is -1.9 x 10-3. Thus these two materials are well matched, and a tightly wound single-layer winding of NbTi on MGC should take on the dimensional stability of the MGC. We conclude that thermal expansion will not be significant contribution to the transformer error.
The superconducting penetration depth A(T) is temperature dependent. Also, while small, the effect of A(T) on the inductance of superconducting circuits is measurable [10] . It has been previously suggested that this effect should be the dominant limitation to the stability of an FLCS [4] . However, quantitative agreement between experiment and theory is generally lacking [12] . There are several experimental uncertainties that enter, most notably those concerning the condition of the surface of the superconductor. Generally, both surface roughness and oxygen enrichment in surface layers of Nb can increase the value of both A(T) and its derivative [13] , Oxygen enrichment has been shown to be associated with cold working the material.
Despite these difficulties, it is still possible to make a rough 'estimate of the value of a temperature coefficient of inductance aM from A(T) where we adopt the definition
where M12wis the contribution from the flux in the wire.
.p It is difficult to make accurate estimates of the flux density close to the surface of a superconducting wire without doing the full boundary value problem, which is beyond the scope of this paper. For our purposes here, it is sufficient to make some simple approximations in lieu of a detailed calculation of the magnetic coupling in order to estimate Ml2w/ MI2s. If we neglect the effect of internal screening currents in the wire and consider only the flux contribution from the transport current, we estimate M12w/ MI2s -8Aa/ h2. Accordingly, a rough estimate from (7) and (9) for the' temperature coefficient would be 8M 2 3 aM :::: """'iT T t . The re~uired temperature stability of oT s 40 JLKfor oi s 10-is achievable in an He4-based system, but the present system does not incorporate the necessary'features to realize this level of precision. While choosing to operate at 2 K rather than 4.2 K would have obvious advantages from the point of view of temperature stability, the loss of the convenience of a freely convecting system vented to atmosphere would be undesirable. The equilibrium bath temperature of such a vented Dewar can be expected to drift over a range of about 50 mK.from typical atmospheric variations. Hence, it would be necessary to have a temperature coefficient of less than 0.02 ppm/K in order to operate a system in this manner without being limited by temperature fluctuations.
From the point of view of reduCIng the temperature Also, a detailed ,study of the magnetic coupling of a finite-size wire winding might lead to optimization of the transformer design to reduce the value of Ml2w'Thinfilm transformers probably will not offer advantages because the effects of kinetic inductance begin to dominate. However, thick film or tape windings may offer some advantages.
The most straightforward variation in design would be a simple inversion in the roles played by the primary and secondary windings from those here. If the normal metal primary were an inner winding and the secondary superconducting detection winding were outside, there would be no flux density in the superconducting material, and hence no temperature-dependent contribution to MI2from A(T). The tradeoff involved in this role reversal would be a probable decrease in the dimensional stability of the critical inner toroid due to the primary being a multilayer winding.
This technique appears well suited for applications as a high-stability dc transfer standard provided the temperature dependence problem can be overcome or significantly ameliorated. Further work in this area will be needed to determine the best approach.
